Increased risk of fracture identified in obese children has led to a focus on the relationship between fat, bone, and the impact of obesity during skeletal development. Early studies have suggested that despite increased fracture risk, obese children have a higher bone mass. However, body size corrections applied to account for wide variations in size between children led to the finding that obese children have a lower total body and regional bone mass relative to their body size. Advances in skeletal imaging have shifted the focus from quantity of bone in obese children to evaluating the changes in bone microarchitecture that result in a change in bone quality and strength. The findings suggest that bone strength in the appendicular skeleton does not appropriately adapt to an increase in body size which results in a mismatch between bone strength and force from falls. Recent evidence points to differing influences of fat compartments on skeletal development-visceral fat may have a negative impact on bone which may be related to the associated adverse metabolic environment, while marrow adipose tissue may have an independent effect on trabecular bone development in obese children. The role of brown fat has received recent attention, demonstrating differences in the influence on bone mass between white and brown adipose tissues. Obesity results in a shift in growth and pubertal hormones as well as influences bone development through the altered release of adipokines. The change in the hormonal milieu provides an important insight into the skeletal changes observed in childhood obesity.
INTRODUCTION
Childhood and adolescence marks a period of significant skeletal development and maturation. Cellular activity in the bone microenvironment favors net bone gain with the greatest increases in bone mass taking place during adolescence, a period of peak bone mass accrual.
1 Whilst up to 80% of peak bone mass is genetically determined, the remaining 20% is modulated by environmental factors 2 which have the potential to result in a deviation away from the normal trajectory of bone mass accrual, and if deleterious, may result in low bone mineral density (BMD) and an increased risk of fracture in childhood (Fig. 1) . Furthermore, it is now well-accepted that factors that impact bone mass in childhood are important determinants of osteoporotic risk later in life 3 , thus highlighting the importance of maximizing bone mass accrual during skeletal development. 4 Evidence over the last two decades demonstrating that obese children are overrepresented in fracture groups [5] [6] [7] [8] [9] has raised concerns that the global rise in childhood obesity could have a significant impact on bone heath in the short-and long-term. This was considered particularly important given that adolescence is a time when there is a considerable rise in the incidence of fracture 10 due to changes in bone microarchitecture. [11] [12] [13] Fractures occur in nearly one in three children who are otherwise healthy 11 , and chil-an attempt to understand the impact of childhood obesity on skeletal health in children. On a pragmatic level, some have suggested that the increase in fracture risk simply results from the increased propensity to falls seen in obese children due to changes in postural stability and gait. [15] [16] [17] However, this also raises the question as to whether there has been a suboptimal response of skeletal adaption to body size resulting in a mismatch between body and bone size thus increasing fracture risk. The improved resolution of skeletal imaging modalities has led to a shift towards considering the relevant biomechanical differences in the skeleton observed in obese children and elucidating differences in bone microarchitecture.
Given that bone and fat are metabolically active tissues, changes in the hormonal milieu during growth and development and alternations in the bone marrow microenvironment have provided some insight into the mechanisms that may result in changes in the skeletal structure in childhood obesity. Specific skeletal sites (e.g., weightbearing versus non-weight-bearing) as well as skeletal compartments (e.g., cortical versus trabecular) may also be differentially affected by obesity. Moreover, as with other metabolic risk factors, the deleterious effect of fat on bone may be confined to visceral fat deposits.
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THE IMPACT OF CHILDHOOD OBESITY ON BONE MASS
Fractures during growth can be associated with skeletal fragility. 20, 21 A recent systematic review demonstrated that obese children are 25% more likely to experience an extremity fracture suggesting that appropriate skeletal adaptation to increasing body mass does not take place. 22 23 Evidence demonstrating that obese children are at an increased risk of fracture originally led to studies using dual energy x-ray absorptiometry (DXA) to determine whether obesity impacted the developing skeleton. However, using a scanning modality that utilized two-dimensional imaging to evaluate a three-dimensional structure created challenges with interpreting findings Figure 1 . Bone mass acquisition during childhood. Up to 25% of peak bone mass accrual occurs during adolescence with subsequent bone loss in later life. Suboptimal lifestyle factors (which may include childhood obesity in adolescence) have an impact on bone mass accrual and peak bone mass increasing fracture risk and osteoporosis later in life.
leading to conflicting studies, either demonstrating a positive or deleterious effect of fat mass on bone, with others suggesting that no relationship existed, citing lean mass rather than fat mass as the constituent of body composition that best predicted bone density. 26 though this finding appears to be inconsistent. 27 To date, no agreement has been reached regarding the most reliable method to limit size-dependence for areal BMD.
The strong influence of genes on skeletal development means that bone mass "tracks" through childhood 28 and low bone mass seen in early childhood persists into adulthood. 29 [40] [41] [42] However, other studies have shown that the overall influence of insulin resistance to bone mass in obese children may be relatively small, but may accumulate over time.
43
CHILDHOOD OBESITY AND BONE MICROARCHITECTURE
The lack of agreement between studies using DXA to determine the relationship between childhood obesity and bone has prompted a move to determine the impact of excess fat mass on bone microarchitecture and biomechanics as the resolution and capability for bone imaging has improved over time. 26 The introduction of peripheral quantitative computed tomography (pQCT) scanning and subsequent high-resolution pQCT (HRpQCT) has led to the ability to measure the volumetric parameters of the cortical and trabecular compartments in vivo. 44 Studies using HRpQCT have the ability to determine microarchitectural changes in cortical and trabecular compartments due its ability to image bone to a resolution of 64 μm, providing a means for virtual in vivo "noninvasive bone biopsy" of the distal radius and tibia for the evaluation of cortical and trabecular volumetric components, trabecular connectivity, thickness and spacing, and cortical porosity (Fig. 2) . Furthermore, the application of an engineering model known as micro-finite element analysis to HRpQCT images of the ultradistal tibia and radi- of the variance in bone failure properties in human cadaveric tissues suggesting that these are reasonable proxies of bone strength. 46 The major advantage over HRpQCT is the ability of pQCT to define the CSA of muscle and fat which allows for a better understanding of the relationship between muscle and bone given that the current thinking is that these two compartments interact as a "muscle-bone unit. " 47 Despite the increase in spatial resolution in pQCT, there remains lack of clarity as to the relationship between obesity and bone in children and adolescents which may be in part related to the determination of the degree of adiposity. At a body mass index (BMI) > 85th percentile, children are reported to have increased bone strength at the tibia as compared to normal weight children (BMI ≤ 75th percentile), but bone strength is adapted to lean mass rather than fat mass. 48 However, evidence suggests that the accumulation of site-specific deposits of fat may have an impact on the muscle-bone relationship resulting in a negative impact on cortical and trabecular compartments. 49, 50 Notably, an increase in the fat-muscle ratio at the radius is negatively correlated with bone strength and size which could explain the increased risk of radial fractures in obese children. 49 To resist fracture from a fall, the developing skeleton should ideally adapt to body weight to prevent an increased risk of fracture.
Despite the presence of a greater lean mass in obese children, skeletal adaptation does not appear to be sufficient to resist fracture. Studies using HRpQCT to compare bone microarchitecture between obese and lean children suggest that an appropriate increase in bone strength does not occur in obese children despite the increase in body weight 51, 52 , or moreover, may be reduced in the tibia reflecting a negative impact of fat mass on bone strength in weight-bearing sites. 51 Trabecular bone in obese children appears to undergo a reorganization by which trabeculae are thinner (which would confer a structural disadvantage), but trabecular numbers increase relative to a reduction in trabecular spacing which would confer a structural advantage. 51, 52 The timing and mechanism by which this reorganization occurs is not understood. Given the paucity of studies using
HRpQCT, further investigations are required to delineate the longitudinal impact of obesity on skeletal microarchitecture and strength during skeletal development, whether the changes are sex specific, and to determine whether these changes persist into adulthood.
Furthermore, the timing of skeletal changes and the "fat threshold"
required that leads to these changes must be defined.
CHILDHOOD OBESITY AND BONE MARROW FAT
More recently, the adipogenic capacity of the marrow compartment in relation to bone mass in childhood has been examined. In elderly adults, bone loss with ageing is likely the consequence of number of adipocytes at the expense of osteoblasts. 53, 54 The finding that other pathologies with increased fracture risk including anorexia nervosa, Cushing disease, osteopenia, and those with poorly controlled type 2 diabetes mellitus (T2DM) resulting in an increase in bone marrow fat, has led to a focus on whether obesity may also result in alterations in the bone marrow compartment causing a change in bone density. 55 Adolescence is a time when hematopoietic marrow is progressively converted to fatty marrow.
Red marrow is progressively replaced by fatty marrow in the long bones beginning in the epiphyses, followed by the diaphyses, and then the distal and proximal metaphyses. In contrast, red marrow may persist in the axial skeleton into adulthood. 56 Therefore 
THE INFLUENCE OF VISCERAL AND SUBCUTANEOUS ADIPOSE TISSUE ON BONE MASS IN CHILDREN
Until recently the majority of childhood studies focused on the overall relationship between excess fat and bone without considering the relative influence of different fat compartments. Adverse metabolic changes in relation to obesity leading to diseases including T2DM, stroke, and cardiovascular disease are associated with an increase in visceral adiposity, a fat compartment that has remained relatively unexplored in pediatric studies of skeletal structure and development. 62, 63 Similarly, regional analysis of fat demonstrates that visceral adipose tissue may confer a more deleterious effect on bone compared to subcutaneous fat in obese children due to the excess production of visceral adipose tissue cytokines, an alteration in serum adipokines 19 , resulting in a reduction in bone mineral accretion 38 that persists into young adulthood. 64 This has been observed in the lower limbs at femoral sites suggesting that the weight bearing effects of increasing fat mass are counteracted by the deleterious effects of visceral fat accumulation. 38 Furthermore, evidence suggests that the accumulation of visceral fat may impair the development of cortical bone during skeletal development 19 , supporting cross-sectional observations demonstrating that the positive relationship between fat and bone attenuates and reverses with increasing adiposity. 34 More work is required to determine the threshold of central adiposity required to impair skeletal http://www.jomes.org | 9 development and to further explore the previous observation that ethnic origins may influence the impact of intra-abdominal and subcutaneous fat on bone mass in children. 65 While evaluating the impact on bone quantity is important, assessing the impact of adipose compartments on bone strength provides better insight as to why obesity during skeletal growth incurs a higher fracture risk.
Moreover, sex-related changes in body fat distribution that occur during development are often not accounted for in cross-sectional studies. Recently, a longitudinal study in 11-19-year-olds evaluating the relationships between visceral and subcutaneous adipose tissue in relation to SSI measured by pQCT demonstrated possible sex differences in the fat-bone relationship relating to fat compartments. 66 In females, visceral fat was inversely related to radial bone strength whereas subcutaneous and total fat mass were negatively related to radial bone strength in males. These sex differences in the relationship between fat deposits and bone strength in children and young people require further exploration.
BROWN ADIPOSE TISSUE AND BONE IN CHILDREN
While the relationship between white adipose tissue and skeletal development has been extensively studied, the role of brown adi- be fundamental for the maintenance of bone mass. 73 The finding that brown fat is inversely related to BMI particularly during aging 74 may point to novel mechanisms underpinning the relationship between obesity and skeletal development.
HORMONAL MECHANISMS UNDERPINNING THE FAT-BONE RELATIONSHIP
The accumulation of excess adipose tissue in childhood obesity results in an alteration in the hormonal environment that could potentially alter skeletal development. This includes a change in adipokines and inflammatory cytokines. Leptin is a hormone that is produced exclusively by fat and was initially identified as a hormone fundamental in the control of satiety. Leptin is an adipocyteproduced hormone that inhibits appetite and favors energy expenditure primarily through its action on the arcuate nucleus of the hypothalamus. 75 Given the emerging relationships between fat mass and bone in adults and children on a background of increasing obesity, leptin was identified as a possible candidate hormone linking fat and bone. Early studies demonstrated that leptin directly exerts an osteogenic effect on bone. In both in vitro and in vivo studies, leptin acts directly through osteoblast receptors on human marrow stromal cells to promote osteoblast proliferation and differentiation while inhibiting adipocyte differentiation and osteoclastogenesis through generation of osteoprotegerin. 76, 77 In studies in mice that followed, it was demonstrated that leptin also acts centrally on the ventromedial hypothalamus and through efferent sympathetic pathways exerting an antiosteogenic effect through β2 adrenergic receptors in osteoblasts. 78, 79 Later studies revealed that sympathetic signaling in osteoblasts is responsible for a more complex regulatory control of osteoblast function through the inhibition of osteoblast proliferation via circadian clock genes and that the sympathetic nervous system also favors bone resorption by increasing the expression of RANK-ligand. 80 Children with congenital leptin deficiency are profoundly overweight yet they appear to have normal age and sex-related whole porting animal studies that leptin acts centrally to control bone mass and that leptin deficiency is protective for the developing skeleton. In studies of obese children, leptin is associated with a reduction in bone mass and trabecular thickness and an increase in cortical porosity which may be related to changes in bone signaling and subsequently bone turnover. 42, 50, 84 In cohorts of predominantly normal weight children, these associations are not demonstrated. 85, 86 In vivo studies in tail-suspended rats demonstrated that lower doses of leptin appeared to be osteoprotective, but at higher doses, bone loss is increased by bone resorption and reduced bone formation.
Cumulatively, this implies that a threshold exists by which leptin may change from exerting a positive to a detrimental effect on bone as fat mass increases. Adiponectin, like leptin, is an adipocyte-derived hormone encoded by the ADIPOQ gene and is well-known for its role in energy metabolism, but is paradoxically lower in obesity. 87 In children and adults, an inverse relationship exists between adiponectin and bone suggesting that lower adiponectin in obesity may protect the skeleton 88, 89 , an observation that contradicts findings in animal studies demonstrating that adiponectin deficiency has a negative impact on both cortical and trabecular compartments. 90 More recently, animal studies have demonstrated opposing peripheral and central effects of adiponectin on the skeleton during ageing. Early in life adiponectin acts directly on osteoblasts to prevent their proliferation and increase osteoblast apoptosis; as animals mature this action is obscured by adiponectin signaling centrally in the neurons of the locus coeruleus to decrease sympathetic tone increasing bone mass and decreasing energy expenditure. 91 However, studies in humans have yet to demonstrate a differential action of adiponectin on the developing skeleton or related to ageing.
Childhood is a time of significant hormonal changes that can be altered by obesity. Growth hormone is fundamental for bone mineral accretion in the developing skeleton and promotes osteoblast differentiation, myogenesis, and muscle development. 92, 93 As high levels of visceral adiposity in both children and adults impairs growth hormone secretion and the response of growth hormone secretion to stimuli 94, 95 , this may have a negative impact on bone mass accrual. The obesity-related rise in insulin may have a direct effect on pituitary inhibiting growth hormone secretion. 96 Growth hormone is also fundamental in promoting the hepatic release of insulin-like growth factor 1 which in-turn promotes growth plate chondrogenesis 97 and osteoblastogenesis. 98 Insulin resistance results from the long-term accumulation of excess fat. Therefore, in early years, obesity-related excess secretion of insulin may result in an overall net gain in bone, given that osteoblasts express insulin receptors 99 and insulin is anabolic promoting osteoblast proliferation, collagen synthesis, and alkaline phosphatase production. 100 However, over time, the development of insulin resistance results in lower bone mass in obese children 42 and an increased fracture risk in patients with T2DM. 101, 102 This proposed change in the relationship between insulin, insulin resistance, and bone development over time may provide a mechanistic explanation as to the changing relationship between fat mass and bone mass seen across childhood and adolescence.
Many of the hormonal changes seen during adolescence appear to confer a positive effect on skeletal development which is understandable given that around 25% of bone mass is achieved, and peak bone mass accrual occurs during this period. 3 Testosterone and estrogen rise in both females and males during the pubertal period and adrenal androgen levels are higher in prepubertal obese children compared to healthy weight children, but this only appears to persist in obese pubertal females. 103 Similarly, the adrenal secretion of 11-deoxycortisol, cortisol, and cortisone collectively known as glucocorticoids is also elevated in prepubertal obese children. 104 Androgens stimulate the differentiation and proliferation of osteoblasts through androgen receptors, decrease osteoblast and osteocyte apoptosis, and indirectly and directly modify osteoclastogenesis in favor of a reduction in bone resorption. [105] [106] [107] In mice completely lacking androgen receptors, a reduction in trabecular and cortical bone mass has been observed. 108 Conversely, the excessive production of glucocorticoids results in the inhibition of osteoblastogenesis, reduced bone formation through the canonical Wnt-signaling pathway 109 , increased osteoblast apoptosis, and a reduction in osteoclast differentiation through the upregulation of the RANK-ligand pathway. 110 Fat deposits contain aromatase, and thus childhood obesity may result in the increased aromatization of testosterone and other androgens to estrogens which may augment bone 
CONCLUSION
The recent decades have seen a considerable increase in our understanding of the relationship between fat and bone, and the impact of childhood obesity on the developing skeleton. A multitude of factors contribute to the complex interaction and relationship between fat and bone in children summarized in Fig. 3 that merit further research. Other factors may be identified in the future that will add to the growing list of environmental and physiological changes that affect the growing skeleton in relation to childhood obesity. Despite progress in this field, further clarity is required to determine whether the deleterious effect of fat is site-and sex-specific, related to changes that also occur within the bone marrow microenvironment, and confined to a specific age range or associated with visceral fat and a metabolically unfavorable environment. A wide variation exists among children in stature, body composition, rate of growth, and timing of biological maturation. Since obese compared to healthy weight children of the same age are generally further advanced in physiological and skeletal maturity, comparing the effects on obesity on bone at any given age presents challenges.
Moreover, the relationship between obesity and bone is likely to change during childhood and adolescence. It is likely that a critical 
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